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Abstract. The density functional theory is used in a study of point defects on 
both UN (001) surface and sub-surface layers. We compare the results for slabs of 
different thicknesses (both perfect and containing nitrogen or uranium vacancies) with 
a full geometry, electronic and spin density optimization. The electronic charge 
density re-distribution, density of states, magnetic moments of U atoms and local 
atomic displacements around defects are carefully analyzed. It is predicted that the 
vacancies are formed easier on the surface whereas the property of sub-surface layer 
does not differ significantly from the central one in the slab.    
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1. Introduction 
 
Uranium mononitride (UN) is considered nowadays by the Generation IV 
International Forum of nuclear reactors [1] as one of the promising nuclear fuels 
alternative to UO2. However, it reveals unwanted oxidation in air [2] which could 
affect the fuel fabrication process and its performance. Atomistic understanding of the 
oxidation process could help to solve this problem.  
Previous first-principles simulations on UN used mostly the density functional 
theory (DFT) and were focused mainly on bulk properties (for example, [3-9]). To 
check reliability of these results, we performed recently several calculations on bulk 
and (001) surface of UN using the two different DFT approaches [10]: linear 
combination of atomic orbitals (LCAO) applied for construction of basis sets and 
plane waves (PW) combined with the pseudopotentials representing the core 
electrons, as implemented in both CRYSTAL [11] and VASP [12] computer codes. Our 
basic findings for the bulk and the (001) surface of UN calculated using the VASP 
code were confirmed by CRYSTAL calculations [10]. The results of both series of 
calculations on the lattice constant, bulk modulus, cohesive energy, charge 
distribution, band structure and density of states (DOS) for UN single crystal were 
analyzed.  
Recently [13, 14], we performed first principles simulations on the atomic and 
molecular oxygen interaction with the perfect UN(001) surface. It was demonstrated 
that the O2 molecules could spontaneously dissociate [14] at the defect-free surface 
and releasing O adatoms reveal strong chemical interaction with surface ions [13]. It 
is worth mentioning that all our UN surface calculations [10, 13, 14] were performed 
for the fixed magnetic moments of U atoms. 
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To understand the oxidation mechanism in more detail, one has to take into 
account surface defects and their interaction with oxygen. So far, only point defects in 
the UN bulk were calculated [15, 16]. In this paper, we study basic properties of 
surface vacancies. In Section 2, a slab model and parameters used in our present spin-
polarized PW DFT calculations are described. In Section 3, we discuss main results 
obtained for the N and U vacancies on the surface. A short summary is presented in 
Section 4. 
 
2. Slab model and computational details  
 
UN possesses a rock-salt fcc structure over a wide temperature range. We model the 
(001) surface using the symmetrical slabs containing odd number (5, 7, 9 or 11) of 
atomic layers separated by the vacuum gap of 38.9 Å which corresponds to 16 inter-
layers (Fig. 1). Atomic layers consist of regularly alternating N and U atoms. Our test 
calculations show that such an inter-slab distance is large enough to exclude spurious 
interactions between the slabs repeated in the z-direction.  
To simulate single point defects (either N or U vacancies), we applied a 
supercell approach using unit cells with 2´2 and 3´3 extensions of surface translation 
vectors. These supercells contain four and nine pairs of atoms in each layer while 
periodically distributed surface vacancies for such unit cells correspond to defect 
concentrations of 0.25 and 0.11 monolayers (ML), respectively. We calculated not 
only the outer surface defects, but also the sub-surface defects as well as those 
positioned at the central layer of the slab. To reduce computational efforts, we 
considered the two-side arrangement of the point defects which is symmetrical with 
respect to the central (mirror) plane (the atomistic model of surface N vacancies with 
the 2´2 periodicity is shown in Fig. 2).  
For calculations, we used the PW DFT computer code VASP 4.6 [12,17]. To 
represent the core electrons (78 electrons for U and 2 electrons for N), the relativistic 
pseudopotentials combined with the PAW method [18] were used. The Perdew-Wang-
91 non-local exchange-correlation (GGA) functional [19] was chosen for calculations. 
The cut-off energy was fixed at 520 eV. The Monkhorst-Pack k-point mesh [20] of 
8´8´1 for integration over the Brillouin zone (BZ) was used whereas the electron 
occupancies were determined following Methfessel and Paxton [21] as implemented 
in the VASP code. The smearing parameter of 0.2 eV was found to be optimal for 
reasonable convergences suggesting the electronic entropy contribution of the order of 
10 meV. The total energy of slabs of different thicknesses was optimized with respect 
to the atomic positions only, with the lattice parameter fixed at its equilibrium value of 
4.87 Å for UN bulk. This value is slightly underestimated as compared to the 
experimental bulk value of 4.89 Å [22]. The ferromagnetic state was chosen for all our 
slab calculations [3] performed for the self-consistent (relaxed) atomic magnetic 
moments with no spin-orbit interactions included. Consequently, we calculated both 
the effective atomic charges and average magnetic moments per atom using the 
topological Bader analysis [23, 24].   
 
3. Main results 
 
3.1. Perfect UN(001) surface  
 
First, the calculations of the effective atomic charges qeff, atomic displacements Δr, 
average magnetic moments µav of U atoms, and surface energies Esurf for defect-free 
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slabs of different thicknesses (Tables 1 and 2) were performed, in order to check how 
these properties depend on atomic spin relaxation (in our previous calculations the 
total magnetic moment of a slab was fixed [10, 13, 14]). The spin relaxation leads to 
considerable change of the Esurf depending on the number of layers in a slab (Table 1). 
The largest µav value was obtained for the U atoms in the 5-layer slab, i.e., µav slightly 
decreases with the thickness suggesting difference of 0.3 µB between the 5- and 11-
layer slabs. The lattice relaxation energies in spin-optimized calculations turn out to 
be quite small, i.e., ~0.03 eV.  
It is also interesting to analyze qeff values for atoms across the slab as a 
function of the number of layers in a slab (Table 2). First, qeff shows considerable 
covalent bonding both on the surface (e.g., sub-surface) and on the central plane since 
the values are quite far from the formal ionic charges ±3e. Second, the values in Table 
2 demonstrate that the surface is slightly positively charged, due to a difference in the 
N and U charges. Third, the atomic charges are insensitive to both the spin relaxation 
and the number of layers.  
The atomic displacements Δz from perfect lattice sites differ significantly for 
U atoms positioned at the surface and sub-surface layers (Table 3) being somewhat 
larger for the 5-layer slab while displacements of nitrogen atoms for all the slabs 
remain almost unchanged. Note that N atoms at (001) surface are displaced up 
whereas U atoms are shifted inwards the slab center which results in the surface 
rumpling up to 1.2% of the lattice constant.      
 
3.2. Vacancies on the (001) surface 
 
In the present study, we considered the two reference states in calculations of the 
defect formation energies, both widely used in the literature. The point defect 
formation energy was calculated either as 
( )UN)U(N I(II)_UN)U(N 22
1 EEEE refdef
vac
form -+= ,            (1a)
 
for surface and sub-surface vacancies, or 
        UN)U(N I(II)_
UN)U(N EEEE refdef
vac
form -+= ,             (1b)
 
for a vacancy in the central layer of the slab. Here UNdefE  is the total energy of fully 
relaxed slab containing N (or U) vacancies, UNE the same for a defect-free slab, while 
)U(N
I(II)_refE  is reference energy for N (or U) atom. In our study, we used the two different 
reference states for both N and U atoms. 
The first reference corresponds to N (U) isolated atom in triplet (quartet) spin 
states determined by 2p3 (5f 36d1) valence electron configurations (hereafter reference 
I as in Table 4) calculated in a large tetragonal box (28.28´28.28´22 Å3), i.e.:  
N(U))U(N
I_ atomref EE =     (2) 
The second reference state (hereafter reference II as in Table 4) represents the 
chemical potential of N (U) atom which is in general a function of temperature and 
nitrogen partial pressure. By neglecting these effects, the N chemical potential can be 
treated as the energy of atom in the molecule N2. Consequently, the chemical 
potential of U atom is given by the one-half total energy (per unit cell) of U single 
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crystal in its low-temperature α-phase having the orthorhombic structure [25]. Thus, 
the corresponding second reference energies can be estimated as:  
[ ]2NN II_ N2
1
2 totref
EE == m ,                 (3a) 
[ ]U-α
2
1
U-α
U
II_ totref EE == m ,                                (3b) 
where Etot[N2] is the total energy of nitrogen molecule while Etot[α-U] the total energy 
of U bulk unit cell containing two atoms. The chemical potentials of N and U, as 
calculated according to Eq. 3, represent extreme cases of N (U) - rich conditions [26], 
i.e., their minimum values were not considered in the present study. The formation 
energy of N (U) vacancy with respect to the N2 molecule (or α-U single crystal) and 
the energy of N (U) isolated atom are closely related: the former being larger than the 
latter by half the binding energy of the N2 molecule or half the cohesive energy of α-
U single crystal. 
The lattice parameters of α-U were optimized: a = 2.80 Å, b = 5.88 Å, c = 4.91 
Å which are slightly underestimated as compared to values obtained experimentally 
[25] and calculated elsewhere [27, 28], except for the parameter b which is in a good 
agreement with experimental value of 5.87 Å [25] (while a = 2.86 Å, c = 4.96 Å 
[25]). Also, the ratios c/a, b/a as well as the parameter c are well verified by another 
plane-wave DFT study [29]. Analogously to an isolated nitrogen atom, the N2 
molecule was calculated in the box but of a smaller size (8´8´8 Å3). The molecule N2 
is characterized by the bond length of 1.12 Å and the binding energy of 10.63 eV 
being qualitatively well comparable with the experimental values of 1.10 Å and 9.80 
eV [30], respectively. Note that the pre-factor of ½ in Eq. (1a) arises due to a mirror 
arrangement of two N (U) vacancies on the surface and sub-surface layers (Fig. 2).  
The formation energies of N and U vacancies ( vacformE
 N(U) ) calculated using Eqs. 
(1-3) (with the two reference states as functions of the slab thickness) are collected in 
Table 4. These are smallest for the surface layer and considerably increase by ~0.6 eV 
for the N vacancy and by ~1.7 eV for the U vacancy in the sub-surface and central 
layers, independently of the reference state. This indicates the trend for vacancy 
segregation at the interfaces (surface or grain boundaries). A weak dependence of 
vac
formE
 N(U) on the slab thickness is also observed. The value of vacformE
 N(U) is saturated with 
the slab thicknesses of seven atomic layers and more. Moreover, the difference 
between values of vacformE
 N(U)  for the 5 and 7 layer slabs is less for the surface vacancies 
than for those in the central layer. This difference is the largest for the U vacancy in 
the central plane (~0.16 eV).  
The reference state II leads to smaller vacformE
 N(U) (as compared to those found 
with the reference state I) and demonstrates a significant difference for two types of 
vacancies. According to reference II, the U vacancy could be substantially easier 
formed at T = 0 K than the N vacancy. Notice that the chemical potentials of O and U 
atoms used in similar defect studies on UO2 bulk did not reveal the energetic 
preference for U vacancy [28, 31]. The defect-defect interaction is not responsible for 
this effect as vacformE
 N(U) decreased by 0.1 eV only with the larger supercell size (3´3 in 
Table 4). On the other hand, due to the temperature dependence of the chemical 
potential of a free N2 molecule [32], we predict reduction of the formation energy of 
the N vacancy by ~0.8 eV as the temperature increases from RT to 1000 oC. Unlike 
the reference state II, the reference I results in similar formation energies for both 
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types of the vacancies. In the central slab layer, values of vacformE
 N(U)  were found to be 
similar to those in the bulk (Table 4).  
 The local atomic displacements around the vacancies are largest for the 
nearest neighbors of vacancies. The analysis of atomic displacements allows us to 
suggest that the U vacancy disturbs the structure of the surface stronger than the N 
vacancy. If the N vacancy lies in the surface layer, displacements of the nearest U 
atoms in z-direction achieve 0.02-0.05 Å towards the central plane of slab. The 
displacements of N atom nearest to surface N vacancy achieve 0.05 Å towards the 
central plane (z-direction) and 0.01 Å in xy (surface) plane. Maximum displacements 
of neighbor atoms around the N vacancy in the central plane have been found to be 
0.04-0.07 Å (nearest U atoms from the neighboring layers are shifted in z-direction 
towards the vacancy), and do not exceed 0.025 Å for all the other atoms in the slab. 
In contrast, the U vacancy results in much larger displacements of neighboring 
atoms, independently of its position. If the U vacancy is in the surface layer, then the 
atomic displacements of 0.3-0.32 Å are observed for the nearest N atoms. If the U 
vacancy lies in the central layer, then the nearest N atoms from this layer are 
displaced by 0.17 Å while the N atoms from the nearest layers are not shifted in xy 
direction, being displaced by 0.15 Å towards the slab surface in the z-direction. 
Furthermore, the atomic displacements are weakly dependent on the slab thickness. 
The atomic displacements around the N and U vacancies in the UN bulk have been 
found to be -0.03 Å and 0.13 Å for N and U vacancies, respectively [15]. These 
values are close to those found in the present calculations for the vacancies in the 
central slab layer, which mimics the crystal bulk.  
The finite slab-size effects caused by relatively large concentration of defects 
could be illustrated using the difference electron density redistribution Δρ(r). In Fig. 
3, these redistributions are shown for N vacancies positioned at both the outer surface 
and central (mirror) planes of 5- and 7-layer slabs. Presence of two symmetrically 
positioned vacancies in the 5-layer slab induces their weak interaction across the slab 
(Fig. 3a) illustrated by appearance of an additional electron density around the N 
atoms in the central plane of the slab. Similarly, the vacancy in the mirror plane 
disturbs the atoms in the surface plane if thin slab contains only 5 layers (Fig. 3c). By 
increasing the slab thickness, we can avoid the effect of finite-slab size (Figs. 3b,d) 
which explains the stabilization of formation energies calculated for the 7-layer and 
thicker UN(001) slabs (Table 4).             
  The densities of states (DOS) are presented in Fig. 4 for perfect and defective 
7-layer UN slab. The DOS for other slabs calculated in this study did not demonstrate 
additional effects and, thus, are not shown here. In accordance with previous bulk 
calculations [10, 15], the U(5f) electrons occupy the Fermi level (Fig. 4a). These 
electrons are relatively localized but still strongly hybridized with the N(2p) electrons. 
It confirms the existence of covalent bonding observed in the analysis of Bader 
charges (Table 2). The N(2p) states form a band of the width ~4 eV similar to that 
obtained in the bulk [10,15]. In contrast, the contribution of U(6d) electrons remains 
insensitive to the presence of vacancies as these are almost homogeneously 
distributed over a wide energy range including the conduction band.  
 The analysis of the average magnetic moment of U atoms ( Uavm ) in the 
defective UN slabs is done too (Fig. 5). It decreases for both types of vacancies as a 
function of a number of layers in the slab, except for the U vacancy in the surface 
layer which remains almost unchanged. On the other hand, Uavm  increases significantly 
when the U vacancy is located in the sub-surface and surface layers. In contrast to the 
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U vacancies, Uavm  for the slabs with the N vacancies are less sensitive to the position 
of defect. Moreover, the values of Uavm  for the slabs with the N vacancies in the 
surface and sub-surface planes are practically identical.   
   
4. Conclusions  
 
In the present study, the basic properties of vacancies on the UN (001) surface were 
calculated from the first principles. In particular, the formation energies for U and N 
vacancies were determined using the two reference states, which included the energies 
of isolated atoms as well as atoms in the metallic α-U phase and N2 molecule, 
respectively. The formation energies indicated a clear trend for segregation towards 
the surface (and probably, grain boundaries) as these energies for surface layer are 
noticeably smaller than those for sub-surface and central layers (although both latter 
are very close). However, the magnetic moments in the sub-surface and central layers 
differ significantly. We demonstrated also a considerable deviation of effective 
atomic charges from formal charges (caused by a covalent contribution to the U-N 
chemical bond). The obtained results will be used in the oncoming study of oxygen 
interaction with real (defective) UN surfaces, in order to understand the atomistic 
mechanism of UN oxidation. 
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Table 1. Surface energies Esurf (J·m-1) for calculations with relaxed 
and unrelaxed atomic spins as well as averaged magnetic moment 
(in µB) of U atom for the defect-free UN (001) surface. 
 
Number of atomic 
planes 
Esurf  
spin unrelaxed 
slab  
Esurf  
spin-relaxed slab 
 
µav 
5 1.69 1.44 1.57 
7 1.70 1.37 1.44 
9 1.70 1.29 1.37 
11 1.69 1.22 1.33 
 
 
Table 2.  Atomic Bader charges on a defect-free surface. 
 
Atom Number of atomic layers  
 5 7 9 11 
Surface U 1.68 1.74 1.68 1.72 
Sub-surface U 1.67 1.63 1.63 1.67 
U in central (mirror) plane 1.69 1.72 1.65 1.66 
Surface N -1.65 -1.67 -1.67 -1.68 
Sub-surface N -1.68 -1.70 -1.70 -1.67 
N in central (mirror) plane -1.74 -1.65 -1.65 - 1.63 
 
 
Table 3. Atomic displacements Δz(Å)* for defect-free surface 
(spin-relaxed calculations).  
 
Number of 
atomic planes  
U atom displacements 
 
N atom displacements 
 
 Surface  Sub-surface Surface Sub-surface 
5 -0.050 -0.012 0.023 0.023 
7 -0.046 -0.009 0.024 0.028 
9 -0.047 -0.011 0.024 0.028 
11 -0.047 -0.011 0.025 0.031 
* negative sign means an inward atomic displacement towards the slab center 
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Table 4. The vacancy formation energies (in eV) for the two reference states (see the text for 
details). 
Reference I, 
Eqs. (1a)–(2)a 
Reference II, Eqs. (1a), (1b), 
(3a) and (3b)b 
Layer Number of 
atomic planes in 
slab and 
supercell 
extension 
(in brackets) 
U N U N 
5 (2×2) 8.63 8.84 1.46 3.70 
7(2×2) 8.61 8.84 1.44 3.70 
9(2×2) 8.61 8.84 1.44 3.71 
11(2×2) 8.60 8.85 1.43 3.71 
5(3×3) 8.51 8.78 1.34 3.64 
Surface layer 
7(3×3) 8.47 8.78 1.30 3.65 
5(2×2) 10.31 9.38 3.14 4.25 
7(2×2) 10.29 9.46 3.12 4.33 
9(2×2) 10.26 9.46 3.09 4.33 
11(2×2) 10.26 9.46 3.09 4.33 
Sub-surface layer 
7(3×3) 10.18 9.47 3.01 4.34 
5(2×2) 10.20 9.48 3.03 4.34 
7(2×2) 10.36 9.57 3.19 4.43 
9(2×2) 10.34 9.55 3.17 4.42 
11(2×2) 10.39 9.56 3.22 4.42 
Central (mirror) 
layerc 
7(3×3) 10.23 9.55 3.06 4.42 
a reference energies I equal to  -4.10 eV for U atom and -3.17 eV for N atom, 
b reference energies II equal to  -11.28 eV for U atom and -8.30 eV for N atom, 
c defect formation energies for UN bulk using reference I are 9.1-9.7 eV for N vacancy and 9.4-10.3 for U vacancy [15]. 
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Fig. 1.  Cross-section of UN (001) slabs. 
 
Fig. 2 (Color online). 5-layer slab containing the two-
sided surface N vacancies with a 2´2 periodicity. 
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a) 
 
b) 
 
c) 
 
d) 
 
 
Fig. 3 (Color online). 2D sections of the electron density redistributions around the nitrogen vacancies in five- and seven-layer UN(001) slabs with 2´2 supercell extension 
defined as the total electron density of defected surface minus a superposition of the electron densities for both perfect surface and isolated atom in the regular position on the 
surface:  a) N vacancy in a surface plane, five-layer slab, b) the same, 7-layer slab, c) N vacancy in a central plane, five-layer slab, b) the same, 7-layer slab. Solid (red) and 
dashed (blue) isolines correspond to positive and negative electron density, respectively. (For interpretation of the references to color in this Figure legend, the reader is 
referred to the web version of this article). Isodensity increment is 0.25 e a.u.-3. 
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Fig. 4 (Color online). The total and projected DOSs of 7-layer UN(001) slab (2´2 supercell for 
vacancy-containing models): a) total DOS of defective and defect-free surfaces, b) projected DOSs for 
the surface containing N vacancies, c) projected DOSs for the surface containing U vacancies. 
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Fig. 5. The average U magnetic moment µav  (in µB) in the slab as a function of a number of planes. The dashed curves correspond to U vacancy whereas the solid curves describe 
the N vacancy.   
 
